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Cys-loop structureNicotinic acetylcholine receptors (nAChRs) are involved in fast synaptic transmission in the central and
peripheral nervous system. Among the many different types of subunits in nAChRs, the β2 subunit often
combines with the α4 subunit to form α4β2 pentameric channels, the most abundant subtype of nAChRs in
the brain. Besides computational predictions, there is limited experimental data available on the structure of
the β2 subunit. Using high-resolution NMR spectroscopy, we solved the structure of the entire
transmembrane domain (TM1234) of the β2 subunit. We found that TM1234 formed a four-helix bundle
in the absence of the extracellular and intracellular domains. The structure exhibited many similarities to
those previously determined for the Torpedo nAChR and the bacterial ion channel GLIC. We also assessed the
inﬂuence of the fourth transmembrane helix (TM4) on the rest of the domain. Although secondary structures
and tertiary arrangements were similar, the addition of TM4 caused dramatic changes in TM3 dynamics and
subtle changes in TM1 and TM2. Taken together, this study suggests that the structures of the
transmembrane domains of these proteins are largely shaped by determinants inherent in their sequence,
but their dynamics may be sensitive to modulation by tertiary and quaternary contacts.Tower 3, 3501 Fifth Avenue,
, USA. Tel.: +1 412 383 9798;
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
The nicotinic acetylcholine receptors (nAChRs) are representative
of the Cys-loop superfamily of ligand-gated ion channels responsible
for fast synaptic transmission in the central and peripheral nervous
system. Muscle-type nAChRs are found at the neuromuscular junction
and consist of either (α1)2β1εδ or (α1)2β1γδ subunits. Neuronal
nAChRs are much more heterogeneous, consisting of a variety of
speciﬁc co-assemblies ofα2–α10 and β2–β4 subunits.α7,α8,α9 and
α10 subunits can form homo- or hetero-pentameric receptors with
each other; all other α subunits form heteromeric pentamers with β
subunits. The β2 subunit is present in the majority of neuronal
nAChRs found in themammalian central nervous system [1,2] and has
been implicated in nicotine addiction [3] and neuroprotection [4]. It
assembles with α4 to form α4β2, one of the most abundant nAChR
subtypes in the brain. The α4β2 subtype is not only a plausible
molecular target for general anesthetics [5–7], but also for other
therapeutics in the central nervous system [8,9].
The overall architecture among nAChR subunits is expected to be
similar, given their high degree of sequence homology. Each subunithas an extracellular (EC), transmembrane (TM) and (IC) intracellular
domain. The large extracellular domain contains the ligand-binding
sites, the transmembrane domain contains four helices (TM1–4) with
TM2 facing the pore of the channel, and the intracellular domain is
involved with ion channel modulation and cellular localization
[10,11]. All three domains are implicated in ion conductance
[9,12,13]. Structural models for the muscle-type nAChRs have become
available with the cryo-EM structure of Torpedo nAChR (PDB: 2BG9)
at 4 Å [14] and the crystal structure of the mouse α1 extracellular
domain at 1.94 Å (PDB: 2QC1)[15]. Crystal structures of the
homologous bacterial channels GLIC (PDB: 3EHZ; 3EAM) [16,17]
and ELIC (PDB: 2VL0) [18] have also been determined recently. These
structures are invaluable to our understanding of the overall
architecture of neuronal nAChRs. While nAChR subunits are homol-
ogous in sequence and structure, the pharmacological properties of
nAChRs comprised by different subunits can vary profoundly. The
differences exhibited by various neuronal nAChR subtypes may be
reﬂected in their structural details. Until now, there have been no
high-resolution structures available for any neuronal nAChR.
Although cooperative motions of the EC, TM and IC domains of
nAChR may be required for normal functioning of the receptor, the
structure of one domain may not depend on the presence of the other
domain(s). Chimeras replacing the IC domain of mammalian Cys-loop
channels with the seven residues of the TM3–TM4 linker in GLIC form
robust channels [19], suggesting that the IC domain has minimal
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inﬂuence on the TM domain. Speciﬁc contacts between the EC domain
and the TM domain at the beginning of TM1, at the loop connecting
TM2 and TM3, and at the end of TM4 are thought to be involved in
modulation of channel function [20,21]. However, the major deter-
minants for the structure of a TM domain are likely to be the protein
sequence within the domain and the lipid environment surrounding
the protein [22,23]. The TM domains of nAChRs are thus likely to fold
largely independent of the EC and IC domains. In fact, the isolated
second transmembrane helices (TM2) of the α4 and β2 subunits of
human nAChR [24] and the δ subunit of Torpedo nAChR [25] were
shown to form functional channels in phospholipid bicelles or
vesicles. But the interaction of TM2 with the rest of the transmem-
brane domain is not trivial. Both mutations in the lipid-facing TM4
helix [26–33] and changes in lipid environment [20,34] have been
shown to affect ion channel assembly and function. The role of TM4 in
stabilizing the transmembrane domain is supported by the observa-
tion that pentameric assembly of homologous receptors truncated
after TM3 were rescued in oocytes by coexpressing the complemen-
tary TM4 helix, even though TM4 does not directly form a subunit
interface [33]. An understanding of how these factors affect ion
channel function requires an understanding of how the transmem-
brane helices fold together to form a fully functional channel. The
feasibility of a reductionist approach to understanding nAChR
structure has been established by the crystal structure of the isolated
EC domain of the mouse α1 nAChR subunit [15], and by comparing
the crystal structures of other membrane proteins to NMR analyses of
isolated domains [35,36].
Here we report an NMR analysis of the entire TM domain of the
human β2 nAChR, TM1234. In conjunction with the TM domain of α4,
the β2 domain forms the pore ofα4β2 nAChR. In the absence of the EC
and IC domains, TM1234 folds into a four-helix bundle that more
resembles the structure of the TM domain in GLIC [16,17] than that in
the Torpedo β1 subunit [14]. Our study also demonstrated that the
presence or absence of TM4 does not greatly affect the secondary
structure and tertiary arrangement of the other three TM helices, but
without TM4, residues in the other three helices, especially those in
TM3, exhibited increased motional ﬂexibility.
2. Materials and methods
2.1. Sample preparation
The regions encompassing transmembranehelices 1–3 (TM123)and
1–4 (TM1234) of the β2 subunit of the human acetylcholine receptor
(GenBank: AAB40115.1) were expressed as his-tag fusions in E. coli
using the expression vector pTBSG1 [37] (a gift from the lab of Professor
Timothy Cross at Florida State University). TM123 comprised residues
R206–R299 of the mature human nAChR sequence with the native
extracellular domain at the N-terminus replaced by 24 amino acids
composed of a histidine tag and a TEVprotease recognition site. TM1234
comprised residues R206–Y461 of themature human nAChR sequence,
with residues M306–K427 of the intracellular domain replaced by a
short synthetic linker. Both constructs were optimally expressed in
Rosetta 2(DE3) pLysS (Novagen) by induction at 15 °C for 5 days using
the Marley protocol [38]. Detergent-soluble his-tagged TM123 and
TM1234were routinely puriﬁed at about 20 mgper liter ofM9media by
solubilization of isolated membranes in 3% empigen and puriﬁed on a
Ni-NTA resin using standard procedures. Samples were prepared for
NMR by removal of the detergent by dialysis and prepared in 50%
hexaﬂuoroisopropanol (HFIP)/water with a protein concentration of
0.2–0.25 mM. The anisotropic environment provided by microclusters
of HFIP in water proved to be an optimal membrane mimetic for NMR
analysis of both TM123 and TM1234. Fluorinated alcohols such as HFIP
formamorphousmicroclusters inwater that alignwith thehydrophobic
surfaces of proteins to minimize hydrophobic–aqueous interfaces[39,40] while allowing interaction between transmembrane helices
[41], much as detergents formmicelles that accomplish the same effect.
It is common practice in preparing membrane proteins for NMR to
screen various detergents to establish which detergents prevent
aggregation while supporting native structure as reﬂected by well-
dispersed and well-resolved NMR HSQC spectra. This is thought to
reﬂect a good ﬁt between a speciﬁc protein and the biophysical
properties of the detergent [42,43]. TM1234 exhibited poor spectral
quality and tended to aggregate in all detergents tested, most likely due
to the exposed hydrophobic interface normally occupied by the
extracellular domain. Hence we chose to use a mixture of HFIP and
water as the membrane mimetic instead of a detergent. The degree to
which either membrane mimetic sufﬁciently reﬂects the complex
environment of a lipid bilayer is an open question, but this work
conﬁrms that the predicted four-helix bundle of TM1234 can form in
HFIP–water mixtures.
2.2. NMR spectroscopy
Bruker Avance 600, 700, 800, and 900 MHz spectrometers were
used for all NMR experiments. Each spectrometer was equipped with
a triple-resonance inverse-detection cryoprobe (Bruker Instruments,
Billerica, MA). Acquisition temperatures between 20 °C and 40 °C
were screened for optimal spectral quality and stability. The highest
resolution and signal to noise ratio were obtained at 40 °C. All
experiments reported here were acquired at 40 °C. The spectral
windows in the 1H and 15N dimensions were typically set at 12 and
24 ppm, respectively. Relaxation delays of 1.5 s (900 MHz) and 1 s
were used. A series of experiments were conducted for chemical shift
assignment, including HNCO (1024×32×80, 800 MHz), HNCA and
HN(CO)CA with a 13C spectral width of 28 ppm (1024×32×80,
700 MHz), and CBCA(CO)NH with a 13C spectral window of 60 ppm
(1024×32×80, 700 MHz). 3D 15N-edited NOESY and 13C-edited
NOESY spectra were acquired with mixing times of 150, 180, or
200 ms. In addition, 2D 1H homonuclear NOESY with 1024×400 data
points and a 150 ms mixing time was performed at 700 MHz to assist
in chemical shift assignments, particularly those of the ring protons of
aromatic residues such as tyrosine, phenylalanine, and tryptophan.
HSQC spectra were collected as 1024×128 data points. The observed
1H chemical shifts were referenced to the DSS resonance at 0 ppm and
the 15N and 13C chemical shifts were indirectly referenced [44].
2.3. Data process and analysis
NMR data were processed using NMRPipe 4.1 and NMRDraw 1.8
[45], and analyzed using Sparky 3.10 [46]. Chemical shift assignment
for TM123was performedmanually using HNCO, HNCA, HNCOCA, and
CBCACONH, as well as NOESY spectra. The chemical shifts for TM1234
were determined based on the results from TM123 and an additional
set of NMR experiments. A total of 100 structures were calculated by
CYANA 2.1 [47] based on NOE restraints and Talos dihedral angle
restraints from the chemical shift index (CSI) [48]. A ﬁnal bundle of 20
structures with the lowest target function were analyzed using VMD
[49] and Molmol [50].
Contact areas between residues were analyzed using the CMA
component of the SPACE suite [51]. Contact surface area was deﬁned as
the area between two atoms into which a solvent molecule cannot ﬁt.
Average atomic packing was analyzed using Voronoia [52]. Average
atomic packing density was calculated using a Voronoi Cell algorithm
and deﬁned as the assigned atomic volume inside the atom's van der
Waals radius divided by the sum of this volume and the remaining
solvent excluded volume. Surface pockets and interior voids were
calculated using CASTp [53] with a probe radius of 1.4 Å. Voids were
deﬁned as enclosed empty space inside proteins inaccessible to water
molecules from outside. Pockets were deﬁned as crevices with
constricted openings but accessible to water molecules from outside.
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empty space along the central axis of the transmembrane 4-helix
bundle.3. Results and discussion
3.1. TM1234 and TM123 structures
Fig. 1 shows typical [15N,1H]-HSQC NMR spectra of TM123 and
TM1234, where 98% of the residues were well-resolved and assigned.
The complete assignments are shown in Supplementary Materials,
Figure 1S and 2S. The secondary structures of TM123 and TM1234were
determined by analyzing Cα chemical shifts, indicating a helical content
of 69% and 64%, respectively. Note thatmany resonance peaks of TM123
overlapped well between the two spectra, indicating that TM123 folds
into similar structures in the absence and presence of TM4.
The structure of TM1234 was calculated based on chemical shifts,
1427 short and medium-range NOEs, and 27 long-range inter-helical
NOEs (Fig. 2). Several long-range representative NOE's demonstrating
inter-helical connectivities are shown in Figure 3S. Table 1 sum-
marizes the statistics for the structure calculation. Fig. 3A depicts a
bundle of the 20 lowest-energy structures of TM1234 (PDB ID code:
2KSR, BMRB: RCSB101528). The averaged pair wise root mean square
deviation (RMSD) calculated for backbone-only and for all heavy
atoms in the helical regions are 0.94 and 1.24 Å, respectively. Similar
data for TM123 are shown in Table 1S and Figure 4S. TM1234 folded
into a four-helix bundle. Each helix is composed of 22 to 29 residues.
The average atomic packing density was 0.788, indicating a tightly
packed structure [52]. The tertiary structure was deﬁned primarily by
hydrophobic contacts between helices, with an inter-helical contact
surface area [51] of 1447 Å2 involving 65 pairs of residues. Bulky
amino acids, such as PHE, LEU and ILE, dominated the hydrophobic
contacts with no apparent packing motif. The greatest contact areas
were between TM3 and TM4 and between TM1 and TM2, each
contributing about 30% of the total contact area between helices.
Other adjacent TM helices contributed about 16% for each pair. There
was no contact between opposed TM2 and TM4 helices, but theFig. 1. Overlay of [15N,1H]-HSQC NMR spectra of TM123 (red) and TM1234 (black) of the
human nAChR β2 subunit reveals overall similarity. Some peaks common to both TM123
and TM1234 showed changes in chemical shift and peak intensity in the presence and
absence of TM4. Chemical shift assignments can be found in the Supplementarymaterials.opposed helices of TM1 and TM3 contributed 7% of the total helical
contacts. In the absence of TM4, TM123 folded into a structure similar
to that of TM1234. The structural overlay of TM123 and TM1234 is
shown in Fig. 3B. The backbone RMSD of TM123 in the absence and
presence of TM4 is 2.4 Å.
The TM1 helix comprised residues L29 to F50, with a kink at
residue L35 evident from the Cα chemical shift index in Fig. 2. The
disruption of helical structure at this site was also observed in our
previous NMR experiments on the isolated TM1 helix in DPC
detergent, where the helical structure extended from L35 to F50
[54]. Thus, the helical kink at L35 seems to be an intrinsic property of
the protein and independent of the membrane mimetic. The lack of
helical structure before L35 in the isolated TM1 helix may reﬂect a
difference in the mimetic environment, but may also be inﬂuenced by
the absence of interaction with the other helices of the 4-helix bundle.
The kink is likely due to the presence of an evolutionarily conserved
proline three residues downstream [55,56]. While not visible in the
relatively low-resolution structure of Torpedo nAChR [14], homolo-
gous residues in the crystal structures of both ELIC and GLIC show
similar kinks [16–18]. Accessibility studies of the pre-TM1 region in
the homologous GABAA receptor in the presence and absence of
ligand indicated movement of this region on ligand binding [57]. This
seemingly conserved kink may act to allow a change in helical angle
for optimal packing.
Pore-lining residues in TM2 (T61, S65, L68, V72 and L76) suggested
previously by homology to the Torpedoβ1 subunit [58,59] are facing the
same side of the TM2 helix in the TM1234 structure. The secondary
structureof TM2 in TM1234 is similar to that obtained fromourprevious
NMR experiments on the isolated TM2 peptide (residues E58 to S85) in
DPC detergent, except that in the TM1234 structure the helix begins at
G57, before the start of the TM2 peptide [60].
The TM2–3 loop contains residues 79KIVPPTSLD87. Residues KIVP
extend along the axis of the TM2 helix; residues PT form a bend at the
top of the loop, followed by residues SLD and the beginning of the TM3
helix. Cis–trans isomerization of proline in the TM2–3 loop has been
proposed to be involved in the coupling of ligand binding to channel
gating [61]. All prolines in TM1234 are in the trans conformation.
3.2. TM4 modulates the motion of other helices
Despite the fact that the structure of TM123 remained more or less
the same in the absence and presence of TM4, as revealed in Fig. 3B, the
inﬂuence of TM4 on the other helices does exist, especially on TM3. As
shown in Fig. 4, several residues at the TM3 c-terminus exhibited
profound changes in their chemical shifts, largely due to the change
from a free terminus to a region linked with TM4. A more interesting
observation was that the NMR resonance intensity of TM3 residues
becamemuchweakerwhenTM4waspresent. Changes inpeak intensity
can be related to changes in backbone dynamics (for example, see Fig. 8
in [62]). In the absence of TM4, residues in TM3 showed stronger
resonance intensities than those residues in TM1 and TM2, suggesting
greater mobility for residues in TM3. In the presence of TM4, the overall
intensity of TM3 resonanceswas reduced, indicating that themobility of
TM3 was restrained by TM4. Even though TM4 is also in direct contact
with TM1, the presence of TM4 had much less effect on TM1 than TM3,
presumably because TM1was intrinsically lessmobile thanTM3. Thus it
appears that the presence of TM4 caused only subtle changes to the
structure, but larger changes to the dynamics of TM1234.
TM2 is not in direct contact with TM4 (see Fig. 6 below), but it
showed mild changes in chemical shift and intensity for multiple
speciﬁc residues throughout the entire helix upon the addition of TM4
(Fig. 4). For example, V72 in TM2 (V253 in the full-length structure),
believed to act as a hydrophobic girdle in the pore of the pentameric
assembly [58,59], showed a 55% reduction in peak intensity after
addition of TM4. Thus, TM4 affectedmotional properties of residues not
only in direct contact with TM4 but also remote from the TM4 interface.
Fig. 2.NOE connectivity and Cα chemical shift index of TM1234. Sequential, midrange and long-range NOE connectivities are linked by line segments with widths proportional to the
observed NOE intensities. The helical regions of the calculated protein structure are indicated below the sequence.
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helices may help explain previous observations that mutations in TM4
affect channel functions [26–32]. Our data are also in agreement with
molecular dynamic studies predicting the inﬂuence of the TM4 helix on
the Torpedo nAChR transmembrane domain [63–66]. Small inﬂuences
on domain structure and dynamicsmay prove profoundly important for
protein function. There is strong experimental evidence that changes in
protein motions may activate allosteric proteins that are otherwise
structurally inactive (see, for example, [67]). Molecular dynamics
studies of nAChR predict changes in dynamics that can account for
changes in channel function [58,65,68–71].3.3. Structural comparisons of TM1234 with homologous proteins
Among the known homologous structures, the transmembrane
domain of human β2 nAChR shares 75% homology (62% identity) with
the β1 subunit of Torpedo nAChR, 41% homology (22% identity) with
GLIC, and 37% homology (20% identity) with ELIC. It is anticipated that
TM1234 of the β2 nAChR shares structural similarities with these
proteins. The superimposed structures of TM1234 upon the trans-
membrane domain of the β1 subunit of Torpedo nAChR and the GLIC
transmembrane domain are provided in Fig. 5. Comparison of our
TM1234 structure with the structures of corresponding regions in the
β1 subunit of Torpedo nAChR, GLIC and ELIC showed a helical
backbone RMSD of 5 Å, 4.4 Å and 5.9 Å, respectively. For a more
detailed comparison, we also analyzed the average atomic packing
densities, surface areas of residue-to-residue contacts, and packing
defects on each of these structures. The results are summarized inTable 1
Statistics for the family of 20 calculated structures of the TM1234 domain of the human
nAChR β2 subunit in 50% HFIP/50% H2O.
NMR structure Statistics
Number of distance restraints 1454
Intraresidue (|i− j|=0) 524
Short range (|i− j|=1) 514
Medium range (1b |i− j|≤4) 389
Long-range, inter-helical (|i− j|≤5) 27
Number of dihedral angle restraints 198
(Residues 29–37, 39–51, 57–79, 90–115, 131–158)
Number of upper limit restraints violationsN0.5 Å 0
Number of dihedral angle restraints violationsN5° 0
Backbone RMSD (Residues 29–50, 57–78, 88–116, 134–157) 0.94±0.27 Å
Heavy atom RMSD (Residues 29–50, 57–78, 88–116, 134–157) 1.24±0.27 Å
Ramachandran plot
Residues in most favored regions 86.1%
Residues in additionally allowed regions 13.2%
Residues in generously allowed regions 0.3%
Residues in disallowed regions 0.3%Table 2. By all three measures, TM1234 is intermediate between the
structures of GLIC and the Torpedo nAChR β1 subunit.
Detailed inter-helical contacts in TM1234 and in the Torpedo
nAChR β1 subunit are elucidated in Fig. 6. The most noticeable
difference between TM1234 and the Torpedo nAChR β1 subunit is that
the c-terminal end of TM4 had almost no contact with TM1 in the
Torpedo nAChR β1 subunit, but had extensive contacts in TM1234.
Lack of interactions with the missing extracellular domain in TM1234
may have promoted interactions between the end of TM4 and the
beginning of TM1 that stabilize the four-helix bundle.
Despite an overall structural similarity, these structures deviate
signiﬁcantly from each other at the extracellular interface, especially
at the TM2–3 loop. For TM1234, the structural deviation in this region
appears to be an intrinsic property of the sequence. The same region
of GLIC also differs substantially from that of the Torpedo nAChR β1
subunit, in which the TM2 and TM4 helices extend further into the
extracellular interface than they do in GLIC. The secondary structure
of TM1234 in this region more closely resembles GLIC, with TM2
ending a few residues before the conserved proline. Relative to the
Torpedo nAChR β1 subunit, the TM2 helix of TM1234 begins two
residues earlier than the homologous region of the Torpedo nAChR β1
subunit, but ends seven residues earlier. Even so, the residues
predicted to be lining the pore at the end of TM2, while not
technically in the TM2 helix, are positioned such that they are still
accessible to the pore. An earlier helical termination at the c-terminusFig. 3. (A) Bundle of 20 lowest-energy structures of TM1234. Structures were calculated
from NOE and Talos dihedral angle restraints using CYANA 2.1. Backbone RMSD for the
helical regions is 0.94±0.27 Å. Further statistics for the structure calculation are
summarized in Table 1. (B) Comparison of the structures of TM123 (yellow) and
TM1234 (color scale from red (TM1) to blue (TM4)) demonstrating the effect of TM4 on
TM123 structure. The backbone atoms of the helices aligned with an RMSD of 2.4 Å.
Fig. 4. Effect of TM4 on TM123. Changes in chemical shift and intensity for each residue in the absence and presence of TM4 are indicated. Changes in chemical shift were (A) plotted
as a function of residue number and (B) color-coded onto the TM1234 structure with a color scale from blue (no effect) to white (chemical shift changed≥0.3 ppm). Changes in peak
intensity were (C) plotted as a function of residue number and (D) color-coded onto the TM1234 structure with a color scale from blue (no effect) to white (intensity reduced to
zero). For clarity, the TM4 helix is not shown. The change in chemical shift Δδ(Η+Ν) was calculated as ΔδðH + NÞ = ððΔδ2H + ðΔδ2N =25ÞÞ=2Þ1=2.
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DPCmicelles [60], suggesting that a shorter TM2 helixmay result from
intrinsic sequence determinants regardless of themembranemimetic.4. Conclusions
It is intriguing to see that TM1234 alone under our experimental
conditions could fold into a structure that so closely resembles the
structures of the TM domains of other intact homologous proteins. It is
also interesting to see that the structure of TM1234 in water/HFIP
resembles well the structures of homologous proteins determined in
detergents and lipids. Taking all the results from this study together, at
least three notions can be derived that may have general implications.
First, secondary structure (not only helices but also non-repetitive
features such as kinks) can be preserved in a reductionist approach to
structural analysis. Secondly, as long as a membrane mimetic
environment is provided, a robust transmembrane domain such as
TM1234 can fold independently. The membrane mimetic or the
associating extracellular and intracellular domains may inﬂuenceFig. 5. Comparison of TM1234 with homologous structures. The backbone atoms of the
transmembrane helices for each homologous protein (white) were aligned with TM1234
(blue). (A) 2BG9 β1 subunit (RMSD 5 Å). (B) GLIC (RMSD 4.4 Å).some details of transmembrane domain structure, but the overall
structure is largely deﬁned by intrinsic sequence determinants within
the domain. These two realizations assure the feasibility of a
reductionist approach for dissecting structural information of large
protein assemblies. These results are consistentwith other studies using
a reductionist approach to analyze large proteins, such as the Sec
translocase [72], and membrane proteins such as the lactose permease
and bacteriorhodopsin [35,36]. Our third notion is that the dynamic
properties of a multi-domain protein are dependent on the interplay
between domains. Even within the transmembrane domain, the
addition of TM4 had little effect on TM123 structure, but its effect on
backbone dynamics extended beyond residues that had direct contact
with TM4. Collectively, the reductionist approach may be adequate for
structural analysis, but it is probably inadequate to reveal important
dynamical information of proteins.Acknowledgements
This work was supported by grants from the National Institute of
Health (R01GM56257 and R01GM66358 to P.T. and R37GM049202 to
Y.X.).Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbamem.2010.04.014.Table 2
Packing efﬁciency in TM1234 and the TM domains of homologous structures. For a
description of these measures of packing, see Methods, Section 2.3.
Measure of packing TM1234 GLIC β1 Torpedo nAChR
Average atomic packing densities 0.788 0.750 0.802
Surface area of residue-to-residue
contacts (Å2)
1447 2328 1428
Packing defect as axial volume (Å3) 2056 1009 3416
Fig. 6. Contact map analysis. Contact between residues was calculated using CMA for (A) TM1234 and (B) the 2BG9 β1 subunit. TM1234 shows greater interaction between helices
TM1 and TM4.
1613V. Bondarenko et al. / Biochimica et Biophysica Acta 1798 (2010) 1608–1614References
[1] D. Kalamida, et al., Muscle and neuronal nicotinic acetylcholine receptors.
Structure, function and pathogenicity, FEBS J. 274 (15) (2007) 3799–3845.
[2] N.S. Millar, C. Gotti, Diversity of vertebrate nicotinic acetylcholine receptors,
Neuropharmacology 56 (1) (2009) 237–246.
[3] M.R. Picciotto, et al., Acetylcholine receptors containing the beta2 subunit are
involved in the reinforcingproperties of nicotine,Nature391(6663) (1998)173–177.
[4] M. Zoli, et al., Increased neurodegeneration during ageing in mice lacking high-
afﬁnity nicotine receptors, EMBO J. 18 (5) (1999) 1235–1244.
[5] M. Yamashita, et al., Isoﬂurane modulation of neuronal nicotinic acetylcholine
receptors expressed in human embryonic kidney cells, Anesthesiology 102 (1)
(2005) 76–84.
[6] T. Mori, et al., Modulation of neuronal nicotinic acetylcholine receptors by
halothane in rat cortical neurons, Mol. Pharmacol. 59 (4) (2001) 732–743.
[7] P. Flood, J. Ramirez-Latorre, L. Role, Alpha 4 beta 2 neuronal nicotinic
acetylcholine receptors in the central nervous system are inhibited by isoﬂurane
and propofol, but alpha 7-type nicotinic acetylcholine receptors are unaffected,
Anesthesiology 86 (4) (1997) 859–865.
[8] J.A. Court, et al., Nicotinic receptors in human brain: topography and pathology,
J. Chem. Neuroanat. 20 (3–4) (2000) 281–298.
[9] E.X. Albuquerque, et al., Mammalian nicotinic acetylcholine receptors: from
structure to function, Physiol. Rev. 89 (1) (2009) 73–120.
[10] V. Tsetlin, F. Hucho, Nicotinic acetylcholine receptors at atomic resolution, Curr.
Opin. Pharmacol. 9 (3) (2009) 306–310.
[11] R.C. Hogg, M. Raggenbass, D. Bertrand, Nicotinic acetylcholine receptors: from
structure to brain function, Rev. Physiol. Biochem. Pharmacol. 147 (2003) 1–46.
[12] J.M. Cederholm, P.R. Schoﬁeld, T.M. Lewis, Gating mechanisms in Cys-loop
receptors, Eur. Biophys. J. 39 (1) (2009) 37–49.
[13] N.L. Absalom, P.R. Schoﬁeld, T.M. Lewis, Pore structure of the Cys-loop ligand-gated
ion channels, Neurochem. Res. 34 (10) (2009) 1805–1815.
[14] N. Unwin, Reﬁned structure of the nicotinic acetylcholine receptor at 4A
resolution, J. Mol. Biol. 346 (4) (2005) 967–989.
[15] C.D. Dellisanti, et al., Crystal structure of the extracellular domain of nAChR alpha1
bound to alpha-bungarotoxin at 1.94 A resolution, Nat. Neurosci. 10 (8) (2007)
953–962.
[16] R.J. Hilf, R. Dutzler, Structure of a potentially open state of a proton-activated
pentameric ligand-gated ion channel, Nature 457 (7225) (2009) 115–118.
[17] N. Bocquet, et al., X-ray structure of a pentameric ligand-gated ion channel in an
apparently open conformation, Nature 457 (7225) (2009) 111–114.
[18] R.J. Hilf, R. Dutzler, X-ray structure of a prokaryotic pentameric ligand-gated ion
channel, Nature 452 (7185) (2008) 375–379.
[19] M. Jansen, M. Bali, M.H. Akabas, Modular design of Cys-loop ligand-gated ion
channels: functional 5-HT3 and GABA rho1 receptors lacking the large
cytoplasmic M3M4 loop, J. Gen. Physiol. 131 (2) (2008) 137–146.
[20] C.J. daCosta, J.E. Baenziger, A lipid-dependent uncoupled conformation of the
acetylcholine receptor, J. Biol. Chem. 284 (26) (2009) 17819–17825.
[21] M. Bartos, J. Corradi, C. Bouzat, Structural basis of activation of cys-loop receptors:
the extracellular-transmembrane interface as a coupling region, Mol. Neurobiol.
40 (3) (2009) 236–252.
[22] J.L. Popot, D.M. Engelman, Membrane protein folding and oligomerization: the
two-stage model, Biochemistry 29 (17) (1990) 4031–4037.
[23] D. Schneider, et al., From interactions of single transmembrane helices to folding
of alpha-helical membrane proteins: analyzing transmembrane helix–helix
interactions in bacteria, Curr. Protein Pept. Sci. 8 (1) (2007) 45–61.
[24] T. Cui, et al., Anesthetic effects on the structure and dynamics of the second
transmembrane domains of nAChR alpha4beta2, Biochim. Biophys. Acta 1798
(2) (2009) 161–166.
[25] S.J. Opella, et al., Structures of the M2 channel-lining segments from nicotinic
acetylcholine and NMDA receptors by NMR spectroscopy, Nat. Struct. Biol. 6 (4)
(1999) 374–379.[26] Y.H. Lee, et al., Mutations in the M4 domain of Torpedo californica acetylcholine
receptor dramatically alter ion channel function, Biophys. J. 66 (3 Pt 1) (1994)
646–653.
[27] M. Mishina, et al., Location of functional regions of acetylcholine receptor alpha-
subunit by site-directed mutagenesis, Nature 313 (6001) (1985) 364–369.
[28] X.M. Shen, et al., Slow-channel mutation in acetylcholine receptor alphaM4
domain and its efﬁcient knockdown, Ann. Neurol. 60 (1) (2006) 128–136.
[29] S. Tamamizu, et al., Functional effects of periodic tryptophan substitutions in the
alpha M4 transmembrane domain of the Torpedo californica nicotinic acetylcho-
line receptor, Biochemistry 39 (16) (2000) 4666–4673.
[30] C. Bouzat, et al., Mutations at lipid-exposed residues of the acetylcholine receptor
affect its gating kinetics, Mol. Pharmacol. 54 (1) (1998) 146–153.
[31] J.A. Lasalde, et al., Tryptophan substitutions at the lipid-exposed transmembrane
segment M4 of Torpedo californica acetylcholine receptor govern channel gating,
Biochemistry 35 (45) (1996) 14139–14148.
[32] L. Li, et al., Site-speciﬁc mutations of nicotinic acetylcholine receptor at the lipid–
protein interface dramatically alter ion channel gating, Biophys. J. 62 (1) (1992)
61–63.
[33] S. Haeger, et al., An intramembrane aromatic network determines pentameric
assembly of Cys-loop receptors, Nat. Struct. Mol. Biol. 17 (1) (2010) 90–98.
[34] F.J. Barrantes, et al., Boundary lipids in the nicotinic acetylcholine receptor
microenvironment, J. Mol. Neurosci. 40 (1–2) (2009) 87–90.
[35] M. Bennett, et al., Stability of loops in the structure of lactose permease,
Biochemistry 43 (40) (2004) 12829–12837.
[36] M. Katragadda, J.L. Alderfer, P.L. Yeagle, Assembly of a polytopic membrane
protein structure from the solution structures of overlapping peptide fragments of
bacteriorhodopsin, Biophys. J. 81 (2) (2001) 1029–1036.
[37] H. Qin, et al., Construction of a series of vectors for high throughput cloning and
expression screening of membrane proteins from Mycobacterium tuberculosis,
BMC Biotechnol. 8 (2008) 51.
[38] J. Marley, M. Lu, C. Bracken, Amethod for efﬁcient isotopic labeling of recombinant
proteins, J. Biomol. NMR 20 (1) (2001) 71–75.
[39] D.P. Hong, et al., Clustering of ﬂuorine-substituted alcohols as a factor responsible
for their marked effects on proteins and peptides, J. Am. Chem. Soc. 121 (37)
(1999) 8427–8433.
[40] J.M. Johnston, et al., Conformation and environment of channel-forming peptides:
a simulation study, Biophys. J. 90 (6) (2006) 1855–1864.
[41] R. Xue, et al., HFIP-induced structures and assemblies of the peptides from the
transmembrane domain 4 of membrane protein Nramp1, Biopolymers 84 (3)
(2006) 329–339.
[42] C.R. Sanders, F. Sonnichsen, Solution NMR of membrane proteins: practice and
challenges, Magn. Reson. Chem. 44 Spec No (2006) S24–S40.
[43] R.C. Page, et al., Comprehensive evaluation of solution nuclear magnetic
resonance spectroscopy sample preparation for helical integral membrane
proteins, J. Struct. Funct. Genomics 7 (1) (2006) 51–64.
[44] D.S. Wishart, et al., 1H, 13C and 15N chemical shift referencing in biomolecular
NMR, J. Biomol. NMR 6 (2) (1995) 135–140.
[45] F. Delaglio, et al., NMRPipe: a multidimensional spectral processing system based
on UNIX pipes, J. Biomol. NMR 6 (1995) 277–293.
[46] Goddard, T.D. and D.G. Kneller, SPARKY 3: University of California, San Francisco.
[47] P. Guntert, C. Mumenthaler, K. Wuthrich, Torsion angle dynamics for NMR
structure calculation with the new program DYANA, J. Mol. Biol. 273 (1) (1997)
283–298.
[48] G. Cornilescu, F. Delaglio, A. Bax, Protein backbone angle restraints from searching
a database for chemical shift and sequence homology, J. Biomol. NMR 13 (3)
(1999) 289–302.
[49] Humphrey, W., A. Dalke, and K. Schulten, VMD: visual molecular dynamics. J Mol
Graph, 1996. 14(1): p. 33–8, 27–8.
[50] Koradi, R., M. Billeter, and K. Wuthrich, MOLMOL: a program for display and
analysis of macromolecular structures. J Mol Graph, 1996. 14(1): p. 51–5,
29–32.
1614 V. Bondarenko et al. / Biochimica et Biophysica Acta 1798 (2010) 1608–1614[51] V. Sobolev, et al., SPACE: a suite of tools for protein structure prediction and
analysis based on complementarity and environment, Nucleic Acids Res. 33
(2005) W39–W43 (Web Server issue).
[52] K. Rother, et al., Voronoia: analyzing packing in protein structures, Nucleic Acids
Res. 37 (2009) D393–D395 (Database issue).
[53] J. Dundas, et al., CASTp: computed atlas of surface topography of proteins with
structural and topographical mapping of functionally annotated residues,
Nucleic Acids Res. 34 (2006) W116–W118 (Web Server issue).
[54] V. Bondarenko, Y. Xu, P. Tang, Structure of the ﬁrst transmembrane domain of
the neuronal acetylcholine receptor {beta}2 subunit, Biophys. J. 92 (5) (2007)
1616–1622.
[55] S.E. Hall, K. Roberts, N. Vaidehi, Position of helical kinks in membrane protein
crystal structures and the accuracy of computational prediction, J. Mol. Graph.
Model. 27 (8) (2009) 944–950.
[56] F.S. Cordes, J.N. Bright, M.S. Sansom, Proline-induced distortions of transmem-
brane helices, J. Mol. Biol. 323 (5) (2002) 951–960.
[57] J. Mercado, C. Czajkowski, Charged residues in the alpha1 and beta2 pre-M1 regions
involved in GABAA receptor activation, J. Neurosci. 26 (7) (2006) 2031–2040.
[58] E.J. Haddadian, et al., In silico models for the human alpha4beta2 nicotinic
acetylcholine receptor, J. Phys. Chem., B 112 (44) (2008) 13981–13990.
[59] A.C. Saladino, Y. Xu, P. Tang, Homology modeling and molecular dynamics
simulations of transmembrane domain structure of human neuronal nicotinic
acetylcholine receptor, Biophys. J. 88 (2) (2005) 1009–1017.
[60] V.E. Yushmanov, Y. Xu, P. Tang, NMR structure and dynamics of the second
transmembrane domain of the neuronal acetylcholine receptor beta 2 subunit,
Biochemistry 42 (44) (2003) 13058–13065.
[61] S.C. Lummis, et al., Cis-trans isomerization at a proline opens the pore of a
neurotransmitter-gated ion channel, Nature 438 (7065) (2005) 248–252.[62] D.P. Frueh, et al., Dynamic thiolation-thioesterase structure of a non-ribosomal
peptide synthetase, Nature 454 (7206) (2008) 903–906.
[63] Y. Xu, et al., Blocking of the nicotinic acetylcholine receptor ion channel by
chlorpromazine, a noncompetitive inhibitor: a molecular dynamics simulation
study, J. Phys. Chem., B 110 (41) (2006) 20640–20648.
[64] Y. Xu, et al., Conformational dynamics of the nicotinic acetylcholine receptor
channel: a 35-ns molecular dynamics simulation study, J. Am. Chem. Soc. 127 (4)
(2005) 1291–1299.
[65] X. Liu, et al., Mechanics of channel gating of the nicotinic acetylcholine receptor,
PLoS Comput. Biol. 4 (1) (2008) e19.
[66] S.S. Antollini, et al., Fluorescence and molecular dynamics studies of the
acetylcholine receptor gammaM4 transmembrane peptide in reconstituted
systems, Mol. Membr. Biol. 22 (6) (2005) 471–483.
[67] S.R. Tzeng, C.G. Kalodimos, Dynamic activation of an allosteric regulatory protein,
Nature 462 (7271) (2009) 368–372.
[68] L.T. Liu, et al., Higher susceptibility to halothane modulation in open- than in
closed-channel alpha4beta2 nAChR revealed by molecular dynamics simulations,
J. Phys. Chem., B 114 (1) (2010) 626–632.
[69] L.T. Liu, et al., General anesthetic binding to neuronal alpha4beta2 nicotinic
acetylcholine receptor and its effects on global dynamics, J. Phys. Chem., B 113
(37) (2009) 12581–12589.
[70] A. Szarecka, Y. Xu, P. Tang, Dynamics of heteropentameric nicotinic acetylcho-
line receptor: implications of the gating mechanism, Proteins 68 (4) (2007)
948–960.
[71] A. Taly, et al., Normal mode analysis suggests a quaternary twist model for the
nicotinic receptor gating mechanism, Biophys. J. 88 (6) (2005) 3954–3965.
[72] I. Gelis, et al., Structural basis for signal-sequence recognition by the translocase
motor SecA as determined by NMR, Cell 131 (4) (2007) 756–769.
